A Numerical Weather Prediction (NWP) based objective intensity prediction approach has been explored for prediction of tropical cyclone intensity over the North Indian Ocean (NIO) using ECMWF model outputs. The intensity of a tropical cyclone is classified by the maximum sustained wind (10-min mean) according to World Meteorological Organization (WMO). An empirical relationship between the difference of the model's maximum mean sea level pressure (MSLP) inside a 6° × 6° grid box around the centre of the system and the lowest mean sea level pressure at the centre of the system (ΔP) with the observed intensity is developed using over 100 analyses during 2010-2012. The same is used to predict intensity of very severe cyclonic storm Hudhud and a Deep Depression observed over the Bay of Bengal during 2014. The results show that the empirical equation is skillful in prediction of intensity as compared to predictions computed using the relationship V max = K DP with different constant values of K. The error analyses show that the relative error in intensity prediction using the empirical equation derived in the present study is 34% less than the same using K = 14.2 kt / hPa in V max = K DP with an improvement which is significant at the level of 0.95.
Introduction
From the operational perspective it is always desirable to apply all corrections to the direct model outputs that help to improve the result. Therefore, several post-processing based prediction methods have been adopted at different Numerical Weather Prediction (NWP) centres across the globe. In the NWP Division of the India Meteorological Department (IMD) a comprehensive post processing based objective Cyclone Prediction System (CPS) has been implemented for forecasting of Tropical Cyclones (TC) over the North Indian Ocean (NIO). Intensity prediction is one important aspect of the CPS and a Statistical Cyclone Intensity Prediction (SCIP) (Kotal et al., 2008) model has been used to provide guidance to the operational forecasters in IMD up to 72 hours lead time. Multi Model Ensemble (MME) technique is another component of the CPS used for TC track prediction. Prior to 2013 the MME was used up to 72 hours forecast lead time and presently the MME track forecast has been extended to 120 hours lead time. While development of modified SCIP model is under way, in this paper an attempt has been made to develop an alternative NWP based objective approach for TC intensity prediction, at 12 hourly intervals, up to 120 hours lead time. A relationship between the pressure drop at the centre of the system (ΔP) with the observed intensity has been explored. By the time of the model runs are available in all practical cases the initial error in prediction of intensity is known from the difference of the observed and the models' analysis outputs. The prospect of minimization of forecast errors through initial bias correction is also examined in this paper.
Data sources
The observed data for the cyclones' intensity and other variables have been taken from the data base of the Cyclone Division of the Regional Specialized Meteorological Centre (RSMC), New Delhi. The RSMC, New Delhi is entrusted by the World Meteorological Organization for analysis of the intensity of tropical cyclones over the NIO. The RSMC TC intensity determination technique is mainly based on subjective methods as described by Dvorak (1975) . When the systems come within the range of RADAR installed at different observatories along the coasts, such observations are also considered for estimation of intensity of the systems. The European Centre for Medium-range Weather Forecasting (ECMWF) model output with 0.25° × 0.25° latitude-longitude horizontal resolution (obtained under special arrangement) are used as training period data during 2010-2012. NCEP (National Center for Environmental Prediction) data available at 1° × 1° grid, IMD-GFS model data available at 0.5° × 0.5° grid and ECMWF model data at 0.5° × 0.5° resolution available through GTS (Global Telecommunication System) are also used in this study. The ECMWF GTS data are available in 24-hour forecast intervals. The 12 hourly forecasts for the same are obtained by interpolation method. In this study, knot (kt) is used instead of standard unit meter per second as winds are expressed in knots (1 kt = 0.5144 m s -1 ).
Choice of model
Choosing a suitable model for operational use is an essential component of forecasting decisions. In this Section, before undertaking the development scheme, a performance verification for the Very Severe Cyclonic Storm (VSCS) Hudhud (8-14 October 2014) and Deep Depression (DD) (6-8 November 2014) observed over the NIO has been taken up. The NCEP-GFS, IMD-GFS and EC-MWF models' mean sea level pressure (MSLP) prediction skills at the centre of the system have been compared for 91 cases of analyses and 12 hourly forecasts for the above mentioned systems. The Average Absolute Error (AAE) and the Standard Deviation (SD) of the NCEP-GFS were 9.1 hPa and 13.7 hPa, respectively. The same for the IMD-GFS model were 13.8 hPa and 19.1 hPa, while for ECMWF they were 4.9 hPa and 6.9 hPa respectively. Being the lowest error for the MSLP forecasts (Tab. 1), ECMWF data are used in in this study.
Choice of equation
The cyclostrophic balance equation is given by (V 2 / r)-(1 / r)(∂P / ∂r) = 0.
Hence, the condition for maximum wind (V max ) may be written as ∂ 2 P / ∂r 2 = 0 which leads to a well known relationship between TC intensity and pressure defect (ΔP) as
This equation is also known as Fletcher's formula (Fletcher, 1955) . The same has been used widely for prediction of TC intensity. Mishra and Gupta (1976) determined the value of K as 14.2 kt / hPa for the NIO. Raj (2010) theoretically derived that the value of K should be 11.0 kt / hPa . Pradhan et al. (2012) used an average value of K = 13.637 kt / hPa to estimate the TC intensity. In all these studies, the value of K was kept fixed as per the respective findings of the studies. RSMC New Delhi adopted the relation K = 14.2 kt / hPa for estimation of observed TC intensity (Tab. 2). In this study pressure defect ΔP has been defined as the difference of the maximum MSLP inside a 6° × 6° grid box around the centre of the system and central MSLP. The ΔP for 110 cases for the period of 2010-2012 and 91 cases for VSCS Hudhud and DD (6-8 November 2014) of analyses and forecasts using ECMWF data have been evaluated.
The corresponding values of K have been calculated using the relation K = V obs / DP where V obs is the observed intensity in each of the cases. Figs. 1 and 2 show the variation of K for the cases considered for 2010-2012 and 2014 respectively, clearly indicating that the value of model derived K for estimation of the maximum peripheral pressure, varies considerably from case to case. This finding led to need for a new representation of the relationship between TC intensity and model derived ΔP to be used in the present study. Figure 3 shows intensity plotted against model derived K leading to a modified equation for relationship between tropical cyclone intensity and pressure defect as
Here we choose exponential fitting, although some other, like second order potential fitting, would also do it well. The relationship that intensity of TC increases exponentially is in good agreement with the findings of Bhowmik et al. (2006) and also Kaplan and DeMaria (1995; 2001) . Table 3 shows AAE and SD in the intensity estimation for 110 cases for the training period (2010) (2011) (2012) calculated from model derived ΔP using equation (1) with K = 14.2, 13.637, 11.0 kt / hPa and also using equation (2). The AAE and SD in prediction of intensity using K = 14.2 kt / hPa in equation (1) were the highest 15.1 kts and 17.3 kts. In the same equation using K = 13.367 kt / hPa yielded AAE and SD 13.5 kts and 15.5 kts respectively and using K = 11.0 kt / hPa the same are 7.1 kts and 9.3 kts respectively. The results show that, among all the 4 techniques, the derived one using equation (2) with AAE and SD being 5.0 kts and 7.5 kts respectively, has been most skillful.
Results of training period (2010-2012)

Verification for independent cases
The performance of the equation for TC intensity prediction derived in this paper has been verified with the observed intensity of 91 cases during VSCS ) during 24 h. There was also a rapid decay of the system after the landfall around 0700 UTC of the 12 October 2014 and the intensity sharply fell after the landfall from 90 kts at 0900 UTC to 60 kts at 1200 UTC with 3 hours. The DD showed a converse characteristic and despite being over the sea surface it did not intensify into a cyclonic storm and decayed before making any landfall. This two systems covered a good range of stages of intensity varying from 25 kts to 100 kts and a significant landfall providing a wide scope for verifica tion of intensity prediction model. Hudhud (8-14 October 2014) and Deep Depression (6-8 November 2014) ECMWF data are used for evaluating ΔP for 91 analyses and forecast cases inclusive of pre and post landfall phases. The equation (1), used with K = 14.2, 13.637 kt / hPa , and also equation (2) have been applied for intensity prediction using ECMWF data. The results (Tab. 5) show that the AAE and SD have been lowest for intensity derived using equation (2) at 9.1 kts and 12.1 kts respectively. The error analyses show that the relative error using equation (2) is 34% less than the same using K = 14.2 kt / hPa in equation (1). The Student's t-test (Welch, 1947) shows that this improvement is significant at the level of 0.95. Figure 4 shows a plot of derived intensity using the equation (2) along with the observed intensity for the verification cases.
Results for verification for VSCS
Stage wise verification
Tropical cyclones are categorized on the basis of intensity (Tab. 6). In this section of the study the life span of the systems has been split into two phases viz. pre-landfall and post-landfall and when both are considered in a single group they are termed as ALL. The AAE and SD in prediction of intensity for different stages of intensities derived using equation (2) as compared to the corresponding observed intensities have been shown in Tab. 6. It is found that in the prelandfall stages the errors increased with intensification of the systems and was maximum in prediction of intensities when the systems were in their VSCS stage. The AAE and SD was 7.9 kts and 8.8 kts respectively for the post-landfall phases which are lower than the average AAE and SD for both the pre-landfall and post-landfall phases combined together. Table 7 shows the verification results of 12 hourly intensity prediction for VSCS Hudhud (8-14 October 2014) and DD (6-8 November 2014) using equation (2). The results show that the average absolute error was limited within 13 kts for all the lead times.
Verification of 12 hourly forecast
Initial bias correction
By the time the model simulation data for any date and time are available to the forecasters the satellite based observed intensity of the cyclonic system gets already known. Therefore, an initial bias correction (IBC) may be applied to the forecast intensities based on the difference of model analysis intensity and observed intensity at that time and the IBC may be represented as ΔV anl . The intensity after IBC may then be written as Table 8 shows the V IBC for the pre-landfall phases (pre-landfall is referred to the time period when the system was over the sea before landfall) of the 2014 verification cases. It shows that IBC causes a reduction in relative error by 37% in intensity prediction using the equation (3). Figure 5 shows the observed intensity and equation derived pre-landfall intensities without and with initial bias correction. The figure shows the reduction of error in intensity prediction in the pre-landfall phases irrespective of the stage of intensification. AAE for 12 hourly equation (2) derived pre-landfall intensities without and with initial bias correction have been plotted in Fig. 6 . The figure shows that the IBC reduced the intensity prediction error for almost all forecast lead time.
Summary and conclusions
ECMWF model is found to be more skillful in prediction of mean sea level pressure at the centre of the tropical systems over the NIO as compared to the Hudhud (8-14 Oct. 2014) and DD (6-8 Nov 2014) 
12.4 (6) 6.9
4.5 (4)
performance of the NCEP-GFS and IMD-GFS models. In this study pressure defect ΔP has been defined as the difference of the maximum MSLP inside a 6° × 6° grid box around the centre of the system and central MSLP. It is found that K derived from the equation K = V obs / DP where V obs is the observed intensity varies from case to case and as such it is concluded that the value of K if kept fixed in obtaining intensity using the equation V max = K DP may yield more error. A mathematical equation V max = 23.0· e 0.031·ΔP derived using relationship between analysis ΔP obtained from ECMWF model outputs and observed intensity for tropical cyclones observed over the North Indian Ocean during the period of 2010-2012 is found to be skilful in prediction of cyclone intensity. The verification using ΔP, obtained from 91 ECMWF analyses and forecasts also show that the AAE and SD of the intensities obtained using the equation derived in this paper are less as compared to the same computed by using the relationship V max = K DP with various fixed values of K estimated in previous studies including the one adapted by the RSMC New Delhi. Initial bias correction has been found to add skill to the performance of the intensity forecast using the mathematical equation derived in this paper. The equation may provide useful guidance for intensity forecasting extended up to 120 hours forecast lead time covering both pre-landfall and post-landfall cases and has scope to indicate impending decay over the seas.
